Molecular data on Lutzomyia are very scarce, despite the fact that this genus includes all the species involved in the transmission of leishmaniasis in America. We examine the genetic relationships among eight morphologic groups within the Lutzomyia genus and two Brumptomyia species, using nine enzyme loci and the last 285 basepairs of the mitochondrial cytochrome b gene. The structure of the genetic variation among the species analyzed indicated a closer genetic relationship among members of a morphologic group than between members of different groups. The lower levels of variation recorded among these groups compared with that between Brumptomyia and Lutzomyia suggest a subgeneric status for all of these groups, including Psychodopygus. A maximum likelihood tree for the allozyme data and a neighbor-joining consensus tree for the mitochondrial DNA sequences showed a general agreement with morphologic groups, with only minor differences. Nyssomyia, Verrucarum and Micropygomyia formed separate monophyletic groups. Lutzomyia could not be separated from Psathyromyia, and both Migonei species, L. dubitans and L. migonei, grouped in different clades according to the host species they are found on. L8S 4K1, Telephone: 905-525-9140, Fax: 905-522-6066, FIGURE 3. Neighbor-joining consensus tree of Kimura twoparameter distances based on the last 285 basepairs of the mitochondrial cytochrome b gene of two Brumptomyia and 12 Lutzomyia species from Venezuela. The numbers at each node represent the percent bootstrap support for 1,000 replicates; branches with bootstrap values less than 80% were collapsed.
INTRODUCTION
Lutzomyia is the largest phlebotomine genus and contains more than 400 species and subspecies, including all American sand flies involved in the transmission of leishmaniasis. 1 Classification within this genus is still controversial because the accepted taxonomic groupings are based on morphologic characters that exhibit a great deal of variation among species, but fail to separate distinct groups. [2] [3] [4] [5] For example, a single morphologic character may have a specific rank in one group, and a group rank in another. 4 Also, a species may appear more closely related to one group according to one sex but to a different group according to the other sex. The absence of a common character within groups results in several opinions on the weightings of each character, and therefore the stability of taxonomic groups. Conversely, there are controversial opinions about the supraspecific rank of some of these groups, as is the case for Psychodopygus. Ready and others 5 have argued that Psychodopygus differs sufficiently from other New World species to conform its own genus separated from the Lutzomyia; however, other investigators disagree with this position. 1, 2 Although phylogenetic relationships based on molecular data have been constructed for many Phlebotomus species, 6 for Lutzomyia, the molecular evidence comes from few representative species. For example, using the D2 domain of ribosomal DNA, Dujardin and others 7 suggested the monophyly of three Lutzomyia species (L. longipalpis, L. migonei, and L. youngi) in relation to some species from the Phlebotomus and Sergentomyia genera. Moreover, based on isozyme evidence, Dujardin and others 8 suggested a closer relationship between Lutzomyia and Phlebotomus, both genera involved in the transmission of Leishmania, than between Phlebotomus and other Old World genera. More recently, two studies exploring the relationship between species groups within the Lutzomyia genera were published. 9, 10 One of these studies questioned the monophyletic status of the Lutzomyia subgenus and the Migonei group using a gene involved in the production of acoustic signals used during courtship in Lutzomyia. 9 The other study also failed to find support for the monophyly of these two groups using a different gene involved in both biologic rhythms and courtship song. 10 How-ever, since molecular data is still limited for New World species, the genetic relationships among accepted morphologic groups within the Lutzomyia genus are poorly known.
DNA sequences and allozyme loci provide two independent genetic markers by which the cohesion of morphologic taxonomic groupings may be tested. Here we examine the genetic relationships among 20 species of Lutzomyia and Brumptomyia using nine allozyme loci and the last 285 basepairs of the mitochondrial cytochrome b gene. A previous study suggested the topologies of trees based on this gene reflect the phylogenetic relationship between species rather than populations. 11 In the transmission of different forms of leishmaniasis, phlebotomine species form transmission cycles with specific associations between Leishmania parasites, vector species and vertebrate hosts, and unique epidemiologic patterns. Thus, the genetic relationships between Lutzomyia vectors and non-vectors species seem fundamental for the understanding of the evolution of zoonotic transmission cycles. 12 
MATERIALS AND METHODS

Study sites.
Adult sand flies were collected from eight locations across the northern basin of Venezuela and were transported to the laboratory in liquid nitrogen ( Table 1) . The head and distal abdominal tergites were separated and stored in 70% ethanol, whereas the remaining thorax and proximal tergites were stored at −70°C. The head and abdominal tergites were digested at 60°C for 10 minutes in either 10% KOH or Nesbitt solution (40 grams of chloralhydrate crystals, 10 mL of HCl, and 40 mL of water), then cleared in 100% phenol. Specimens were mounted in Berlese medium and examined under the light microscope. Species diagnosis was based mainly on the morphology of female structures (cibarium, pharynx, teeth, and spermathecae), and of the male terminalia. 1 Allozyme analysis. Ninety-nine individuals from nine species were processed using standard vertical acrylamide gel electrophoresis as previously described. 12 An Aedes aegypti (L.) (Rockefeller strain) was included in each electrophoresis as a standard reference. Two continuous buffer systems were used to maximize allelic separation, Tris-citrate, pH 7.1, and ). In addition, allele frequencies previously published from 157 individuals from nine other species were included in the analysis. 13 Allozyme data was analyzed using the Fortran program BIOSYS-1. 14 Genotypic frequencies were tested for Hardy-Weinberg equilibrium using a chi-square test, and Rogers genetic distances were calculated between pairs of species within groups, between pairs of species from different groups, and between pairs of species from different genera. After testing for normality of their distribution and homogeneity of their variances, the genetic distances were compared using analysis of variance (ANOVA) and Bonferroni post-hoc comparisons. 15 The cohesion of the subgeneric species groups classically accepted was explored using a maximum likelihood tree obtained from the program Phylip. 16 For this analysis, we excluded groups for which only one species was available because the maximum likelihood analysis would force these species, in the absence of partners from their own groups, into other groups.
Sequencing of DNA. A total of 26 specimens from 13 species were sequenced for the last 285 basepairs of the mitochondrial cytochrome b gene. The cytochrome b sequence from L. whitmani 3 was obtained from the National Center for Biotechnology Information (Bethesda, MD) (http:// www.ncbi.nlm.nih.gov), accession number U80966.
Total genomic DNA was extracted from each sand fly using a proteinase K solution. Each sand fly (thorax plus abdominal tergites) was rehydrated for approximately 10 minutes in 500 L of distilled water, or until it sank to the bottom of the water column. Proteinase K was dissolved in distilled water to give a concentration of 20 mg/ml and stored at -20°C until use. Ten milliliters of extraction buffer was prepared using 100 L of the proteinase K dilution, 100 L of 1M Tris-HCl, pH 8.3, 500 L of 1 M KCl, 50 L of 1% Tween 20 solution, 50 L of 1% Nonidet P40, and 9.2 mL of double-distilled water. Individual sand flies were transferred into 100 L of the proteinase K solution and ground using a pestle. Samples were vortexed and then incubated at 50°C overnight for approximately 15 hours, then held at 95°C for 10 minutes to denature the proteinase K. Samples were allowed to cool in a refrigerator, and then stored at -20°C until amplification by a polymerase chain reaction (PCR).
A volume of 1−3 L of extracted DNA was added to each 50-L PCR, which contained 10× PCR buffer (without MgCl 2 ), 1.5 mM MgCl 2 , 500 M dNTP mixture, 300 ng of each primer (forward and reverse), and one unit of Taq polymerase. A drop of mineral oil was added to the top of each reaction. The PCR was performed in a Perkin-Elmer (Norwalk, CT) thermal cycler according to the method of Ready and others, 3 and included an initial denaturation step at 94°C for three minutes; five cycles at 94°C for 30 seconds, 40°C for 30 seconds, and 72°C for 1.5 minuters; 35 cycles at 94°C for 30 seconds, 44°C for 30 seconds, and 72°C for 1.5 minutes; a final Altos de Pipe extension period at 72°C for 10 minutes; and cooling to room temperature. The forward primer (CB3-PDR) was 5Ј -CA(T/ C)ATTCAACC(A/T)GAATGATA-3Ј and the reverse primer (N1N-PDR) was 5Ј-GGTA(C/T)(A/T)TTGCCTC-GA(T/A)TTCG(T/A)TATGA-3Ј; further descriptions of these primers are available. 3 Positive reactions were purified using a High Pure PCR Product Purification Kit (catalog no. 1732668; Boehringer Mannheim, Indianapolis, IN). DNA was sequenced with both the CB3-PDR and N1N-PDR primers for each individual sand fly on an ABI 377 automated sequencer (Applied Biosystems, Foster City, CA) using the Taq FS dye rhodamine sequencing kit (Applied Biosystems). Sequences were confirmed using a basic alignment search tool (BLAST) (www URL http://www.ncbi.nlm.nih.gov), and by comparing the sequences obtained from the CB3-PDR (forward) primer to the complemented and reversed sequences obtained from the ND3-PDR (reverse) primer. DNA sequences were aligned using the program ClustalX, 17 and compared with the translated amino acid alignment. To explore how the different taxonomic levels (species, subgenus, and genus) contribute to the variation of F ST , we performed an analysis of molecular variance (AMOVA) 18 using the program ARLEQUIN version 2. 19 The statistical significance of these contributions was tested by a permutation test implemented in the program. Genetic relationships were investigated using a neighbor-joining bootstrap consensus procedure with Kimura two-parameter distances using the program Phylip. 16 
RESULTS
Allozyme data. Allele frequencies varied among species (Appendix 1). Some loci were shared by groups of species, whereas for other loci we detected fixed differences between several species. Allele Me was the most variable locus with nine alleles, and Ark the least variable with only three alleles. Allele Hk 0.89 separated both Brumptomyia species from all Lutzomyia species, and Me 0.83 was unique to L. panamensis. All other alleles were shared by species groups (Appendix 1).
Genetic variability measurements also differed among species. Mean heterozygosities ranged from 1.5% to 18.9% with 1.0−1.7 alleles per locus except for L. shannoni, which had fixed alleles for all loci. All populations complied with Hardy-Weinberg equilibrium expectations (P Ն 0.05), indicating random mating within populations.
Genetic distances varied from 0.233 to 0.979 ( Table 2 ). The largest distances were recorded between L. rangeliana (ungrouped) and L. shannoni (Psathyromyia group), and the smallest between L. venezuelensis and L. absonodonta, both members of the Micropygomyia group (Table 2) . Genetic distances were normally distributed (intragroup Kolgomorov-Smirnov [K-S] ‫ס‬ 0.115, P ‫ס‬ 0.967; intergroup K-S ‫ס‬ 0.047, P ‫ס‬ 0.991; intergenera K-S ‫ס‬ 0.135, P ‫ס‬ 0.471) and their variances were homogeneous ( 2 ‫ס‬ 2, P > 0.1). Mean genetic distances for species within and between taxonomic groups are shown in Figure 1 . The ANOVA showed that the taxonomic status of the species was a significant source of variation in the genetic distance between species (F 3,147 ‫ס‬ 9.55, P < 0.001). The post hoc Bonferroni test indicated that the genetic distance between species from different subgeneric groups within the Lutzomyia genus was significantly larger than that between species within each group (Figure 1 ). Conversely, we could not detect a significant difference in the mean genetic distances between species from different genera (Brumptomyia versus Lutzomyia) and between subgeneric groups (Figure 1 ). That is, allozyme variation increased significantly from species to subgenera but not from subgenera to genera.
A similar pattern of distribution of variation among hierarchical taxonomic levels was found in the F statistics. Although the largest variance component in F ST is explained by differentiation between species (81.1%), there is an additional 19.9% that may be attributed to differences between subgeneric groups. However, once the species and subgenera level are considered, differences between genera had no contribution to the variance of F ST .
The maximum likelihood tree showed two distinct groups ( Figure 2 ). The first group includes all the species of the DNA sequences. Cytochrome b sequences were deposited in GenBank under accession numbers AF448540-AF448546, and AY316731-AY316736. DNA sequences were successfully aligned and confirmed by eye using the amino acid alignment as a guide (Appendix 2). In every case, the two indi-viduals that were sequenced from each species showed no sequence variation. The Kimura two-parameter genetic distances between species varied from 0.0554 to 0.3002 ( Table  3 ). The smallest distance was recorded between both species from the Nyssomyia subgenus (L. hernandezi and L. whitmani) whereas the largest distances were between species from different genera (L . gomezi and B. devenanzii) . The mean genetic distance between species was larger between groups than within groups, and the mean distance between genera was larger than that between groups within each genus (Figure 1 ). An AMOVA indicated that 45.0% of the variation in the molecular distance may be explained by differentiation between species, 39.3% to differentiation between subgenera, and the residual 15.6%, to differences between genera. Although the latter variance component is low, a permutation test on the genetic distance matrix showed that such a variance component could not be accounted for by random variation (P < 0.0279). This result indicates that variation in the DNA sequence analyzed increased significantly from species to subgenus, and from subgenus to genus.
The bootstrap consensus tree using neighbor-joining on the Kimura two-parameter distances showed two distinct evolutionary lineages with a high bootstrap value (99%) for the Brumptomyia and Lutzomyia genera (Figure 3) . At the subgeneric level, four groups were formed with high bootstrap confidence (> 80%). The Verrucarum and the Nyssomyia species each formed a monophyletic group, and the two cryptic species belonging to the Lutzomyia subgenus, L. longipalpis and L. pseudolongipalpis, similarly formed a monophyletic group. However, the status of L. gomezi, also from the Lutzomyia subgenus, was not resolved. Lutzomyia panamensis from the Psychodopygus subgenus, which has been proposed as a distinct genus rather than subgenus, grouped together with the Nyssomyia species, with genetic distances much smaller than those between the well defined genera of Brumptomyia and Lutzomyia. All other species placements were unresolved by the cytochrome b fragment.
DISCUSSION
Three specific questions were addressed to explore the genetic relationships between the eight species groups analyzed: 1) is the genetic variation among the morphologic groups adopted by taxonomists different than that expected by random grouping of the species?, 2) are the levels of genetic variation observed among groups comparable to those found between different genera?, and 3) are the groups formed using phylogenetic trees consistent with the morphologic groups?
First, both allozyme data and DNA sequences from the mitochondrial cytochrome b gene showed levels of genetic variation between the morphologic groups that could not be explained solely by the random grouping between species. The groups classically adopted by Lutzomyia taxonomists accounted for a significant proportion of the genetic variation among species because the genetic distances recorded between members of a group were smaller than those recorded between members of different groups. The data indicates that morphologic species groups, to a certain extent, represent the genetic relationships among species.
Second, the smaller levels of DNA variation observed be- tween groups within Lutzomyia compared with those recorded between two of the recognized genera, Brumptomyia and Lutzomyia, suggests a subgeneric status as more adequate for these taxa than a generic one. Even for Psychodopygus, for which some investigators propose as a separate genus, the genetic evidence does not support a generic status for this subgenus. To treat the Psychodopygus as a separate genus may not adequately represent the close genetic relationships to the Lutzomyia species, particularly to the Nyssomyia group as seen in the cytochrome b gene fragment. Conversely, the allozyme data did not reveal any differences in the magnitude of the genetic variation between subgenera and genera. Allozymic differences not only tended to saturation below the genus level, but also the large variation intervals within subgenera masked the differences between subgenera and genera. We find that allozyme variation gives adequate resolution at the subgeneric level, but not at the generic level.
Third, the structure of groups shown in the trees agreed in general with the morphologic groups classically accepted, with only minor differences. The topography of the bootstrap consensus tree obtained with the DNA sequences showed no inconsistencies with the morphologic groups, despite the fact that the positions of some species were not resolved by the DNA fragment used in this study. The clades with high bootstrap values grouped species within morphologic groups, as was the case for the Nyssomyia, Lutzomyia and Verrucarum groups. For the Nyssomyia group, a close genetic relationship between L. whitmani, L. intermedia, and L. umbratilis was previously reported using the period gene. 10 The lack of resolution between Lutzomyia and Psathyromyia in the allozyme tree must be explored further with different genetic markers. Nonetheless, the distinct separation of the five Micropygomyia species from the Lutzomyia and Psathyromyia species suggests a close genetic relationship between the members of the Micropygomyia. Conversely, the position of both Migonei species suggests that this group could be polyphyletic, as suggested by the cacophony gene. 9 It is worth noting that one of the Migonei species, L. dubitans, who is known to feed on lizards, grouped with the Micropygomyia species who have also been associated with feeding on reptiles. 1 Similarly the other Migonei species, L. migonei who has been observed on domestic animals, clustered with a group well known for its domestic cycle, including the Lutzomyia and Psathyromyia subgenera. The lack of genetic data for most of the 400 species comprising the Lutzomyia genus with which to compare the results presented herein illustrates the need for more molecular data on this important taxonomic group. ran  lon  plon  mig  dub  tow  pun  abo  sha  pan  atr  abs  cay  ven  yen  tri   Ak  N  1 3  1 1  5  5 3  1 3  3 bea  dev  ran  lon  plon  mig  dub  tow  pun  abo  sha  pan  atr  abs  cay  ven  yen  tri   Gpd  N  1  1  6  1  1  1  1 3  1  1  2  4  1  4  1  5  1  5  1  1 1.00 1.00 0 1.00 1.00 1.00 0 1.00 1.00 1.00 1.00 1.00 0 1.00 0 1.00 0 
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